
OTIC

~OF~ E1

SPATIAL REGISTRATION OF TIROS-N

WEATHER SATELLITE DATA

THESIS

Charles H. Larcomb

Captain, USAF

AFIT/GSO/ENS/ 89 D-10

DEPARTMENT OF THE AIR FORCE

AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright- Patterson Air Force Base, Ohio

D !rLUT.&N ETATZINT A

U-jir.89 12 1



AFIT/GSO/ENS/89D-10

IMAGE NAVIGATION OF TIROS-N

WFATHER SATELLITE DATA

THESIS

Presented to the Faculty of the School of Engineering

of the Air Force Institute of Technology

Air University

In Partial Fulfillment of the

Requirements for the Degree of

Master of Science in Space Operations

Charles H. Larcomb, B.A.

Captain, USAF

December 1989

Approved for public release; distribution unlimited



Preface

Hobbyists have been receiving and displaying weather

satellite images for some time. With relatively simple and

inexpensive ground stations, enthusiasts can receive Automa-

tic Picture Transmissions (APT) from both the U.S. TIROS-N

satellites and the Soviet Meteor satellites. The TIROS-N

polar-orbiting satellites continuously transmit weather data

as they orbit the earth every 102 minutes.

The main obstacle to using these images is a lack of

geographic references. Geographic boundaries are often

obscured by clouds or lack of contrast. This work is aimed

at removing this obstacle, to greatly enhance the usefull-

ness of polar-orbiting weather satellite images.

I am indebted to my thesis advisor, Dr. Thomas S.

Kelso, for his guidance and inspiration through no small

expense of time and personal resources. Ms. Mona Smith of

NOAA/NESDIS was very helpful in obtaining the NOAA publica-

tions used in this work. Finally, I thank my wife, Cirela,

for her patience and support.

Charles H. Larcomb
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Abstract

The purpose of this study was to develop an algorithm

to perform spatial registration of (assign geographic coor-

dinates to) TIROS-N weather satellite data using a personal

computer. Specific objectives were (1) to gather currently

available information into a unified and understandable

form, (2) to develop the background and related theory

necessary for the registration of both High Resolution

Picture Transmission (HRPT) and Automatic eicture Transmis-

sion (APT) data, and (3) to present a specific registration

algorithm for TIROS-N weather satellite data.

The approach chosen is to use a general elliptical

orbit model in conjunction with accurate satellite element

sets (orbital parameters) to calculate accurate satellite

positions at a given time. Knowing the earth movement and

sensor operation as functions of time, the geographic loca-

tions of each pixel (picture element) are determined through

geometric relations.

The algorithm presented converts pixel coordinates to,

geographic coordinates (direct referencing) and vice versa

(inverse referencing). These algorithms assume an ellipti-

cal orbit (with perturbations) and an oblate spheroid earth.

xiii



The most critical factor is found to be timing. A

timing error of one second in computing satellite position

produces an earth location error of about 6.5 kilometers at

the satellite subpoint. A timing correction method is

outlined to visually improve the image registration.

xiv



SPATIAL REGISTRATION OF TIROS-N

WEATHER SATELLITE DATA

I. Introduction

Background

The TIROS-N satellite series is the set of polar orbit-

ing satellites operated by the National Oceanographic and

Atmospheric Administration (NOAA) that provides advanced en-

vironmental (weather) data. The active satellites con-

tinuously transmit both High Resolution Picture Transmission

(HRPT) data (1.1 km resolution) and Automatic Picture Trans-

mission (APT) data (4 km resolution) as they orbit the earth

at an altitude of about 850 kilometers [1:2-1,3-5].

The images do not contain geographic grids or map

outlines as provided by the more sophisticated high-altitude

Geosynchronous Operational Environmental Satellites (GOES).

These enhancements must be added manually after image recep-

tion. This spatial registration (process of assigning geo-

graphic coordinates to the satellite data) is essential to

provide accurate and detailed weather information.

The HRPT signal has a high data rate and frequency. Its

reception requires a fairly sophisticated ground station
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using mainframe computers which also allow partial automa-

tion of the registration process. Current HRPT ground

stations are expensive, costing $150..000 or mcre [17:2-2].

The APT signal has a low data rate and frequency per-

mitting reception with relatively simple and inexpensive

receivers [1:55]. A complete ground station can be con-

structed for less than $500 [17:4-1]. These, however, gen-

erally provide film or paper copies which must be regist-

ered by hand using tedious and inaccurate methods.

With the growing popularity of personal computers,

computer display systems are becoming a common method of

displaying weather satellite images (17:9-4]. For a modest

cost, an analog-to-digital converter allows PCs to process

and store APT satellite image data. Commercially available

software is expensive, though, and spatial registration is

still a problem.

Due to these difficulties, the usefulness of TIROS-N

weather data has been largely unexploited. Most weather

agencies depend heavily on data from a few costly GOES

satellites of which only one is currently operating.

TIROS-N data with spatial registration could provide an

essential and capable backup capability, as well as coverage

of polar regions. Simple, mobile APT receivers could also

be easily transported to any point on the globe.

2



Problem Statement

The purpose of this research is to develop an algo-

rithm to register TIROS-N weather satellite data on a per-

sonal computer. After the analog (continuous) APT data from

the satellite is reconverted to digital form, the algorithm

will assign geographic coordinates to each pixel (individual

data element) or find the pixel corresponding to a given

geographic location. This registration allows the user to

add latitude/longitude grids and map overlays, display,

process, analyze, and store the satellite images on a per-

sonal computer.

Objectives

This research was directed to meet the following

objectives:

1. Gather currently available information necessary
for HRPT and APT data registration into an acces-
sible, unified, and understandable form

2. Develop the background and related theory for the
spatial registration and use of both HRPT and APT
data; and

3. Present a specific registration algorithm for
TIROS-N weather satellite data

3



II. Literature Review

Introduction

As one author recently observed (6:898], "there are few

published articles on the image referencing and geometric

correction of AVHRR data." A current literature search

confirmed this deficit and uncovered no articles on the

registration of APT data.

Nevertheless, the basic principles that apply to spa-

tial registration are well known. The methods used for the

higher resolution HRPT data should also apply in large part

to APT data.

The following paragraphs review literature on the

topics pertaining to this investigation. These topics are

spacecraft and sensor characteristics, satellite orbits,

geometric corrections, HRPT registration methods, and AVHRR

data applications.

Spacecraft and Sensor Characteristics

The TIROS-N series currently consists of two operation-

al satellites in sun-synchronous polar orbits [8:1-7].

Detailed spacecraft and sensor characteristics are presented

in the NOAA User's Guides [1; 8]. These include orbital

characteristics, specific parameters on spacecraft instru-

4



ments, and the formats of archive data (stored data avail-

able from NOAA upon request).

The heart of the TIROS-N series spacecraft sensors is

the Advanced Very High Resolution Radiometer (AVHRR). This

instrument provides real-time visible and infrared data

worldwide in two formats: Automatic Picture Transmission

(APT) with 4 km resolution, and High Resolution Picture

Transmission (HRPT) with 1.1 km resolution [1:2-1].

NOAA Technical Memorandum NESS 95 [15] provides detail-

ed information on the operation of the AVHRR and other

sensors and satellite systems. The format and parameters

for both HRPT and APT data transmissions is also included.

TM 95 was the major source of background information presen-

ted in this work.

NOAA Technical Memorandum NESS 107 - Rev 1 [10] provi-

des information useful for the calibration (assigning more

accurate absolute measurement values) of TIROS-N sensor

data. Also, Appendix C outlines a generic registration

algorithm for polar-orbiting satellites.

Satellite Orbits

Ideally, a satellite in a circular orbit about the

earth follows a perfect circle determined by the laws of

orbital mechanics for two-body motion. In reality, however,

there are deviations due to a slight eccentricity of the

satellite orbit, and differential gravity effects caused by

5



the sun and moon, and an earth that bulges at the equator.

Measuring the exact time is also critical for accurate

position determination.

Two approaches have been used to tackle these problems.

One [6:898; 11:13] assumes an ideal circular orbit. Cor-

rections are then made based on known deviations such as

orbit eccentricity, or using known image features.

An alternate method is to use the actual orbital param-

eters in conjunction with precise time marks included in the

data transmissions [18:1258]. This method yields higher

accuracy than the former, but requires timely and accurate

measurements of the satellite orbital parameters. This is

the approach used in this work.

Geometric Corrections

Once the spacecraft position, sensor attitude, and

earth position are known at a given time, the relation

between an observed image point and its corresponding point

on the earth's surface is a matter of geometry. This geome-

try includes distortions, however, which must be corrected

to accurately display satellite images. The distortions due

to a rotating earth and moving satellite during an image

scan are relatively straightforward. The view of the

earth's surface from an angle is more complicated, since the

earth is not a perfect sphere. Because the satellite is in

low orbit (about 850 km) with a wide field of view (± 55.4

6



degrees), this skewed view of the earth causes the greatest

distortions. [18:1257].

There are two conventional distortion correction metho-

ds. One is to use a spherical model of the earth and make

corrections for local deviations. This method yields errors

of several pixels and runs slowly. An alternate method uses

known image reference points called Ground Control Points

(GCPs). While very precise, this method depends on having a

number of clear and identifiable GCPs in the image

[18:1257]. This method may be better for registration

verification.

Sun [18:1257] proposes an improved method based on an

elliptical model. Computations with this method are four

times faster than the spherical model with corrections, and

have less than three pixel errors [18:1257].

The approach taken in this work is to provide an accur-

ate image registration based on a general elliptical satel-

lite orbit model and an oblate spheroid earth model. By

accurately determining the geographic location of each

pixel, images can be displayed without distortion in any

format desired.

HRPT Registration Methods

A few authors propose specific methods for registering

AVHRR HRPT data. Popta [11] uses a method to superimpose

geographic data (latitude/longitude crosses and map out-

7



lines) on HRPT images in real-time. The model used assumes

a circular orbit about a spherical earth, with corrections

to account for a rotating, oblate earth, and variable satel-

lite speed, eccentricity, equator crossing time, and nodal

period. Errors of 10 km at subpoint, and up to 21 km at

edges are noted, due to "low accuracy" orbital data [11:20-

21].

This method is near real-time (5 minutes run time

before data receipt), but has several disadvantages. Since

the orbital track is different for each pass, images cannot

be compared directly in sequence for time-series analysis.

This method does not use the accurate time marks present in

the data. Also, geographic coordinates are only assigned to

image locations where the grid lies, not to all image loca-

tions [11:1,3,9].

Tozawa presents another registration approach. Here,

AVHRR data is mapped to a surface coordinate system using a

mapping function. This function, solved by approximation,

is based on current satellite orbit parameters provided by

NOAA. GCPs are not used in this method because the mapping

function is very complex over the 3000 km image swath.

Also, few GCPs can be found in ocean areas.

The author claims the procedure is fast and accurate.

However, he uses one GCP to adjust the data presented,

citing inaccurate orbital data (19:46,51].

8



Ho [6] provides a better method. A corrected, spheri-

cal model and a spherical satellite orbit are used. Nodal

information and the time of first scan line are included.

The apparent satellite height and inclination are adjusted

using one GCP. Finally, the resulting registration is

verified using 11-25 GCPs for reference. Average errors are

8 pixels without the GCP, and 3 pixels with it [6:898-900].

The error rate with one GCP is excellent. A disad-

vantage for real-time processing is that the operator has to

interrupt the registration to locate a GCP. While the

author asserts that GCP location can be automated, no method

is suggested.

An excellent registration method is presented by Sun

[18] using a two-step approach. First, an ellipsoidal model

of the earth provides corrections for the entire image. The

time code imbedded in each scan line is used to determine

the satellite position. Second, a template matching using

6-10 GCPs corrects residual distortions in a local area of

interest.

The first step reduces errors to 0-3 pixels and works

four times faster than a spherical model with corrections.

If greater accuracy is desired, the second step removes

virtually all geometric distortions [18:1257].

Sun also employs an interesting time reduction techni-

que to process over 2048x4500 pixels present in each image.

9



4x17 pixel blocks are processed by performing calculations

for the center point and using bilinear interpolation for

the remaining points in the block. While not an objective

of this thesis, this method could be applied to reduce

computer processing time.

Emery [3] provides a good summary and review of current

AVHRR registration techniques. A sample application using

HRPT data compares their relative performance.

AVHRR Data Applications

Besides the obvious use of AVHRR data for routine weather

observation and forecasts, there are other useful applica-

tions. Compared to LANDSAT images AVHRR data has signi-

ficant advantages, despite the reduced resolution [5; 9].

AVHRR images are available 2-4 times each day, compared to

once every 18 days (at best) for LANDSAT. The field of view

is much wider for AVHRR, providing greater coverage [5:63-

65]. These advantages proved to be an attractive tool for

agricultural monitoring over France [7:1041] and obser-

vation of sea surface temperatures near Japan [9:1259].

While APT data has lower resolution than HRPT data, it

could prove to be very useful because of its widespread

availability. Unlike HRPT, receipt of APT is not limited to

a few expensive ground receiving stations.

The approach of this research is to use accurate posi-

tion calculations with precise time code information for

10



image registration. This should allow fully automated

operation and still provide an accurate registration.

Summary

The basic principles involved in image registration are well

known. While no application has been made to APT data, a

few methods have been developed for HRPT data. Due to the

data similarities, these provide an excellent approach for

APT data.

The problem presented involves a trade-off between

processing time and registration accuracy. Sun presents an

excellent two-step method which seems to optimize this

trade-off, at least for HRPT data.

The two basic registration methods are to use an accur-

ate orbital prediction model, or to manually identify known

GCP earth locations. The approach used here is a general

elliptical orbit model (with perturbations), an oblate

spheroid earth model, and accurate time code information.

AVHRR data has important applications in addition to

weather monitoring. The development of a registration

algorithm for both HRPT and APT data will make TIROS-N

weather data even more useful and accessible.
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III. Development

Introduction

The earth data viewed by the satellite consists of a

series of individual picture elements (pixels). Like tiles

on a mosaic, these form an image of the earth scene as the

satellite sensor scans the area.

The location on the earth's surface viewed in each

pixel is determined by (1) the satellite position and orien-

tation in space (2) the sensor operation, and (3) the

earth's orientation in space. All three vary in time.

Through geometric relations, each pixel's location is deter-

mined by its time of observation.

To understand these relations, a general examination of

the earth, satellite, and sensor characteristics is first

presented. Second, the format and nature of the pixel data

is examined. Third the relation between each pixel element

and its corresponding earth location is derived. Finally,

an algorithm is presented to convert pixel coordinates to

geographic coordinates and vice versa.

Earth Characteristics

To a first approximation, the earth is spherical with

the same volume as a sphere with a radius of 6371 km

(4:7971. Any location on the surface of the earth can be

12



referenced by geocentric latitude and longitude coordinates

with respect to the earth's center and equatorial plane.

The earth rotates from west to east about its north-

south axis as it orbits the sun. During one tropical year

(365.2422 days), the earth makes one extra revolution of 360

degrees relative to the stars (366.2422 revolutions in all).

The mean rate of revolution is 360.9856 deg/day (15.0411

deg/hr or 0.2507 deg/min) [20:B6]. Viewed from a fixed

location and direction in space, each earth location will

move from west to east at 15.0411 deg longitude/day along

its parallel of latitude (nearly constant).

Actually, the earth bulges at the equator and sags at

the poles due to the rotational forces. Its shape is better

modeled as an oblate spheroid whose radius is a function of

latitude. In the International Astronomical Union model

(IAU; 1976), the mean equatorial and polar radii are

6378.140 km and 6356.755 km, respectively (20:K13]. This

represents an eccentricity of 0.08182. At NOAA, radii

values of 6378.144 km and 6356.759 km are used [10:C-10].

Even the ellipsoid model is an approximation. The

equator is slightly elliptical with an eccentricity of about

1 x 10.5 (12:25]. This, combined with irregularities in the

earth's crust, cause the local acceleration of gravity to

vary [12:38]. The net effect is to produce small changes in

the satellite motion and viewing geometry.
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Satellite Orbits

The TIROS-N series of satellites are in polar orbits,

crossing the equator twice and passing over both polar

regions once on each orbit. The rotation of the earth under

the satellite causes the suborbital track to shift westward.

The gravitational attraction of the earth's equatorial

bulge causes the line of nodes of the orbital plane to

precess eastward (rotate about the earth's axis). For

sun-synchronous satellites, the orbital inclinations are

chosen to make the rate of precession equal to the change in

orientation with respect to the sun as the earth proceeds in

its orbit about the sun. On average, this rate is 0.9856474

deg/day (east longitude) [20:B6]. The TIROS-N satellites

are sun-synchronous, passing over a given earth location a-

about the same local time every day.

The designed TIROS-N constellation consists of two

satellites in sun-synchronous orbits. The nominal orbital

parameters of height, inclination, period, and increment

(longitude shift between successive orbits) are summarized

in Table 1.

The two circular orbits intersect at right angles, so

that one satellite follows the other about six hours later.

The orbits are chosen to have a morning satellite that

passes overhead on a descending pass between 0600 and 1000

14



Table 1. TIROS-N Nominal Orbital Parameters [1:2-5)

Height Inclination Period Increment Orbits
(km) (deg) (min) (deg W) (#/day)

833 98.739 101.38 25.40 14.18

870 98.899 102.37 25.59 14.07

local mean solar time (LMT), and an afternoon satellite that

passes overhead on an ascending pass between 1400 and 1800

LMT (see Figure 1) [1:3-6].

New satellites are put into orbit to replace aging ones

in order to maintain the constellation. The replaced satel-

lites may continue to transmit data as long as operational.

As of this writing, NOAA-10 and NOAA-11 are the primary

satellites of the TIROS-N constellation. NOAA-9 continues

to transmit when not in conflict with NOAA-ll. A sample of

orbital data is given in Table 2.

Orbital data may be obtained from the NOAA Direct

Readout Users Electronic Bulletin Board (EBB) [17:7-3] or

the TBUS-l and TBUS-2 bulletins transmitted through the

National Weather Service Communications Center (KWBC)

[1:5-2].

Small departures from circular sun-synchronous orbits

occur due to initial orbit injection errors and subsequent

perturbations. Initial orbital parameters are expected to

meet the target values within the following limits [15:21]:
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Figure 1. TIROS-N Constellation Orbits [1:3-7]
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Table 2. Sample Orbital Prediction Data [16]

Orbital Prediction Data for August 1989

NOAA-9 NOAA-10 NOAA-11

Orbit Number 23879 14906 4380

Equator Crossing Time (Z) 0123.45 0016.35 0023.89

Long. Ascending Node (deg) 129.61W 71.03W 158.76W

Nodal Period (minutes) 102.0426 101.2340 102.1064

Frequency (MHz) 137.62 137.50 137.62

Increment (deg) 25.51 25.31 25.53

Altitude (average) + 15 km
Inclination + 0.150 deg
Apogee/Perigee Difference less than 56 km

Dominant perturbations include the gravitational attraction

of the sun and moon, drag, and the varying gravity of an

irregular earth.

The spacecraft's attitude is controlled by the Attitude

Determination and Control System (ADACS). The ADA.CS uses

three orthogonal Reaction Wheel Assemblies (RWA) in combina-

tion with earth and sun sensors to maintain a fixed orienta-

tion with respect to local nadir (straight down from the

satellite towards the center of the earth). This orienta-

tion is maintained within 0.2 degrees.

Departure from ideal circular orbits, combined with

local perturbations, produce small attitude errors. Analys-
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is has shown that attitude is generally maintained within

0.12 degrees, with only brief perturbations of up to 0.2

degrees [15:5]. Assuming a spherical earth with radius of

6371 km, these correspond to horizontal deviations at the

subpoint of 1.74-2.91 km and 1.82-3.04 km at the nominal

satellite altitudes of 833 km and 870 km, respectively.

Sensor Characteristics

The current TIROS-N spacecraft, called Advanced TIROS-N

(ATN), carry several sensor systems including the following:

TIROS Operational Vertical Sounder (TOVS), consisting of the

High Resolution Infrared Radiation Sounder (HIRS/2), Strato-

spheric Sounding Unit (SSU), and Microwave Sounding Unit

(MSU); Advanced Very High Resolution Radiometer (AVHRR);

Space Environmental Monitor (SEM); Data Collection System

(DCS); and Search and Rescue System (SAR) [13:2-3]. Table 3

summarizes their functions.

The earth images are derived from the AVHRR sensor.

This is the primary data source for both High-Resolution

Picture Transmission (HRPT) at full resolution, and Automat-

ic Picture Transmission (APT) at reduced resolution.

The AVHRR is a scanning radiometer, measuring radiant

energy in four (AVHRR/1) or five (AVHRR/2) spectral channels

(see Table 4) [15:44]. NOAA-10 carries the last four-

channel AVHRR, while NOAA-9 and NOAA-11 have five-channel

AVHRR (8:1-34,1-40,B-3; 10:Appendix B (NOAA-F/9 and
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Table 3. Advanced TIROS-N Primary Sensors [17:3-4]

1. TIROS Operational Vertical Sounder (TOVS)

a. Measures temperature profile of earth's
atmosphere from surface to 10 millibars

b. Measures water vapor, ozone, carbon dioxide, and

oxygen content of earth's atmosphere

2. Advanced Very High Resolution Radiometer (AVHRR)

a. Measures radiation in visible and infrared
spectra

b. Primary source of data for High Resolution
Picture Transmission (HRPT) and Automatic Picture
Transmission (APT) data

3. Space Environment Monitor (SEM)

Detects radiation from space at various wavelengths

4. Data Collection System (DCS)

Collects data from earth-based environmental plat-
forms

5. Solar Backscatter Ultraviolet Radiometer (SBUV)

a. Measures total ozone content and vertical
distribution

b. Carried on spacecraft in afternoon ascending
orbits

6. Search and Rescue (SAR)

Detects and locates emergency beacon radio signals
carried on ships and aircraft

7. Earth Radiation Budget Experiment (ERBE)

Experiment to gather data on earth's average radia-
tion budget
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Table 4. AVHRR Spectral Channels [15:44]

AVHRR/1 AVHRR/2
(4 channels) (5 channels)

Channel WavelenQth Channel WavelenQth
(microns) (microns)

1 0.55 - 0.68 1 0.58 - 0.68

2 0.725 - 1.10 2 0.725 - 1.10

3 3.55 - 3.93 3 3.55 - 3.93

4 10.5 - 11.5 4 10.3 - 11.3

5 (Channel 4) 5 11.5 - 12.5

NOAA-G/10),2-Rev,3-Rev] (Note: NOAA-C/7 and NOAA-G/10 should

be listed as having five- and four-channel AVHRR, respec-

tively, as in Appendix B).

The Instantaneous Field of View (IFOV) for all channels

is 1.3 mr + 0.1 (lmr = 10.3 radians). The IFOV of all chan-

nels are also coincident within 0.1 mr [15:44]. This par-

ticular IFOV was chosen so that subsequent scans are con-

tiguous at the subpoint as the satellite orbits the earth

[15:43].

The AVHRR utilizes a rotating mirror to scan through

360 degrees at a rate of 360 revolutions per minute (rpm).

Each scan is perpendicular to the satellite's direction of

motion, crossing through the satellite subpoint (nadir)
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[15:43]. The scan angle represents the mirror angle measur-

ed in reference to the nadir direction.

Thus, the AVHRR is continuously sensing radiation in

all channels as the IFOV rotates through 360 degrees. Since

the mirror rotates at 360 rpm, this produces 6 lines per

second. The scan direction is from the space-view side of

the satellite across the earth toward the sun side (from

right to left) [15:46].

One scan across the earth produces a line of data

referred to as a "scan line." Each scan line is skewed by

the forward motion of the satellite during the scan.

The sensor actually scans along a scan vector which is

perpendicular to both the satellite's position and velocity

vectors. Projected onto the earth's surface, this forms a

great circle arc at right angles to the satellite track (see

Figure 2).

Applying the four-parts formula (cosacosC = sinacotb -

sinCcotB) to Figure 2, the scan skew 7 is given by

tan7 = tan*/sin(AO) (1)

where

S= earth center angle (radians)
A= satellite angular progress (radians)

All distances along the scan line are proportional to the

ECA by a factor of sin7. This is used in calculating the

along-line resolution.
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Figure 2. AVHRR Scan Line Skew

During half a scan line after nadir, the satellite

travels an angular distance AO =(2v/P)t112 , where P is the

satellite period, and t1/2 is the time to complete half a

scan line (0.02563 seconds). The ECA is also at a maximnum,

mx For the nominal 870 km orbit with a period of 102.37
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